Abstract-Amphibian population declines around the world are associated with invasive species, pesticides, pathogens, habitat destruction, or a combination of factors. Because contamination is widespread, it represents a relevant environmental stress that can affect the ability of organisms to deal with other factors present in the environment. We examined the effects of the insecticide malathion, larger tadpole competitors (green frogs, Rana clamitans), and a toxic cyanobacteria (Anabaena spp.) on tadpoles of Cope's gray treefrog (Hyla chrysoscelis) reared from hatching through metamorphosis in outdoor mesocosms. The response of mass at metamorphosis and time to metamorphosis was significantly affected by exposure to malathion and presence of overwintered green frog tadpoles. Malathion generally led to increased mass at metamorphosis, earlier time to metamorphosis, and increased activity during larval development. These results likely stem from short-term increases in periphyton associated with malathion exposure (although these effects were nonsignificant). Exposure of gray treefrogs to overwintered green frog tadpoles led to an earlier time to metamorphosis without differences in mass at metamorphosis and was associated with increased activity in gray treefrogs. Survival of gray treefrogs was significantly affected by an interaction of green frog and malathion, indicating nonadditive effects of these treatments. Exposure to cyanobacteria had a significant negative effect on green frogs but no effect on treefrogs. Malathion had the strongest effect on the community, but our results indicated that some factors can interact in ways not predicted by single factors alone.
INTRODUCTION
Amphibian populations are declining around the world, and the major causes appear to be habitat destruction, invasive species, disease and pathogens, and contamination [1] . However, no single factor has sufficiently explained this global phenomenon and multiple sublethal factors could elicit these population declines [2] . Throughout their lives, all amphibians are exposed to natural stressors that influence population persistence [3] , and the addition of anthropogenic factors could have drastic effects on populations [4] . Although stressors can have relatively benign effects alone [5, 6] , exposure to multiple stressors could lead to synergistic effects that have more severe effects [4] . Therefore, it is imperative to gain a better understanding of how multiple stressors affect amphibian populations.
Contamination by pesticides is an important anthropogenic stressor for amphibians. In the United States alone, 2 billion kg of active ingredients of pesticides are applied each year [7] . Of particular concern is the movement of pesticides throughout an environment after application. Studies have reported that chemical contaminants applied in a specific area can circulate globally through aerial deposition and global cycles [8] . Several studies have found negative relationships between amphibian abundances and proximity to agricultural land [9] [10] [11] . Experimental studies with pesticides have shown that pesticides can have direct and indirect effects on amphibians [6, [12] [13] [14] and that presence of other factors can alter toxicity [15, 16] . It has become clear that chemical contaminants can have less predictable effects when combined with natural factors such as competition [17] , predation [12, 18, 19] , and temperature [20] , and it is necessary to examine relevant environmental contexts to gain a realistic understanding of the stressors populations experience in natural environments. Malathion, an organophosphate pesticide, is the number one insecticide used in the United States [7] and can cause irreversible acetylcholinesterase inhibition. Malathion has been shown to reduce growth and development [21] , alter swimming behavior [22] , and reduce survival [22, 23] of larval amphibians. Additionally, malathion has similar effects to other insecticides that have been shown to alter amphibian food webs [24, 25] .
Natural stressors like predation and competition occur in all ecosystems. However, when organisms are exposed to anthropogenic stressors (e.g., chemical contaminants) in addition to naturally occurring stressors, the effects can be synergistic. For instance, in a laboratory study, Relyea and Mills [18] found that sublethal concentrations of the insecticide carbaryl became lethal when caged (nonlethal) predators were introduced. Competitive interactions among tadpoles can also increase the length of a tadpole's larval period [4, 26] , potentially increasing its likelihood of facing dangers such as pesticide exposure, desiccation, predation, and further competition. Green frog (Rana clamitans) and bullfrog (Rana catesbeiana) tadpoles can have long larval periods exceeding a year, which can result in asymmetric competition with tadpoles that complete larval development in a single season and that overlap in range with these species [4] . Therefore, the presence of overwintered tadpoles represents a strong competitive stress that could be more likely to interact with the presence of a contaminant when these factors coincide.
In addition to altering interactions among species in a com-munity, pesticides also affect the algal community of aquatic systems and further affect tadpole competitive interactions. Tadpoles are generalized grazers of algae [27, 28] . Algal communities are often subject to human alterations, which can have considerable effects on the algal species richness and diversity present in an ecosystem [29] . Although tadpoles of many species eat algae, there are differences in the comparative ability to ingest certain types of algae. These differences in feeding capabilities can influence the relative competitive abilities and survival in the field, and could greatly affect what anuran species are present [30] . Anabaena is a genus of cyanobacteria whose blooms have been documented around the globe [31] [32] [33] . Several species in this genus produce toxins, including Anabaena flos-aquae. These toxins are capable of causing death by respiratory arrest and can be potent postsynaptic depolarizing neuromuscular blocking agents, which could have undesirable effects on communities in which Anabaena flourishes [34] . The objective of this study was to examine the single and interactive effects of the insecticide malathion in the presence of overwintered green frog tadpoles (potential competitors) and cyanobacteria (potential food source that produces a toxin) whose abundance could be affected by the competitor and chemical environment. We hypothesized that each of these three factors would have a negative effect on the metamorphosis of gray treefrogs (Hyla chrysoscelis). We also expected the negative effects to increase as the number of factors increased. All three of these factors co-occur in natural environments, and their effects were examined on tadpole activity, time to metamorphosis, mass at metamorphosis, and survival to metamorphosis.
MATERIALS AND METHODS
Three amplexing pairs of adult gray treefrogs (H. chrysoscelis) were collected from Hueston Woods State Park located in Butler and Preble counties near Oxford, Ohio, USA, on the evenings of June 3, 7, and 8, 2007, resulting in three clutches of eggs. Eggs were hatched in the laboratory at 23 to 25ЊC and were held until tadpoles were free-swimming (Gosner stage 25 [35] ). Clutches were mixed before addition to ponds to homogenize genetic variation.
Aquatic communities were established in 40 polyethylene pond mesocosms (1.85 m in diameter; 1,480 L volume) by adding 1,000 L of water, 1 kg of leaf litter, and plankton from natural ponds three weeks before tadpoles were added to ponds. The pond mesocosms were located at Miami University's Ecology Research Center in Oxford, Ohio (Butler County, USA). Screen mesh lids were placed over each pond to exclude potential predators and additional anurans.
We manipulated three factors in a fully crossed design with five replicates: exposure to expected environmental concentrations of the insecticide malathion (0 or 1 mg/L [19, 36] ) on the basis of label application rates, the presence of overwintered green frog tadpoles (no or five green frogs per pond), and the presence of cyanobacteria (none added or a total of two inoculations added of A. flos-aquae and Anabeana spp.). One hundred overwintered green frog tadpoles (Gosner stages 28-40) were collected from Hueston Woods State Park via dip nets on May 29, 2007 , and were added to appropriate ponds; these tadpoles overlap in habitat with gray treefrogs in this area and, therefore, represent a realistic community. Cultures of cyanobacteria (Anabaena spp.) were ordered from Carolina Biological Supply (Burlington, NC, USA), and one culture (ϳ5 ml) was added to each allotted pond on June 6 by evenly distributing and rinsing the entire contents of each test tube. Another shipment of cyanobacteria (A. flos-aquae) containing neurotoxins was ordered from the UTEX Culture Collection of Algae (University of Texas, Austin, TX, USA; ϳ15 ml), and cultures were added to the ponds on June 12 by emptying vials into the center of the pond. Thirty gray treefrog tadpoles were added to each pond on the June 14 (experimental day 0). Malathion was added as liquid Malathion (50% malathion; Spectracide, Chemsico, St. Louis, MO, USA; Chemical Abstracts Service 121-75-5) at a nominal concentration of 1 mg/L (2 g Malathion added to 1,000 L of water) on June 20 (experimental day 6), which is near expected postapplication levels (0.1-1.6 mg/L [19, 36] ). Malathion was mixed with 5 L of pond water and poured evenly across the pond surface with a watering can beginning at 1:40 PM Eastern Standard Time to simulate an agricultural overspray event; 5 L of uncontaminated pond water was added to control ponds to mimic disturbance of chemical application. At the time of malathion addition, water pH , dissolved oxygen, and pond temperature were determined (Table 1) Ponds were checked daily for metamorphs, defined by emergence of front forelimb(s) (Gosner stage 42). We examined ponds on three dates for tadpole activity (experimental days 7, 14, 21); ponds were visually searched for any active tadpoles, which was defined by swimming movement, foraging, or both, and we recorded the total number of tadpoles that were active. Each pond was measured for periphyton levels (experimental days 5, 12, 15, 19, 29, 43 ) to estimate food levels for tadpoles in ponds. Periphyton samples were taken by scraping a patch 3 cm by 1.9 cm below the waterline on the west side of each pond. Periphyton was then wiped onto a glass fiber filter and placed in 15 ml of neutralized 90% acetone in the dark at 5ЊC for 24 h and then analyzed by fluorometry. Ponds were also measured for phycocyanin levels, which is the pigment used by cyanobacteria to photosynthesize (experimental days 4, 11, 18, 27, 39) and estimates relative abundance of cyanobacteria present in ponds. Phycocyanin samples were taken by removing 3 L of water from each pond, from which a 20-ml sample was taken and analyzed by fluorometry with an Aquafluor fluorometer (Turner Designs, Sunnyvale, CA, USA). We also estimated relative abundance of zooplankton by ranking ponds as having low, medium, or high abundance of visible zooplankton (experimental days 4, 7, 11, 14, 18, 28, 42) . The ponds were visually scanned for qualitative abundance of zooplankton and ranked in this way: if few to no zooplankton were visible in the water column, we ranked the pond low; if pond water was teeming with zooplankton that were readily visible, we ranked the pond high; and if the number of zooplankton was visible but appeared intermediate between high and low ponds, the pond was ranked medium.
Metamorphs were removed from each pond and held in the laboratory until tail resorption (usually Յ3 d), at which time mass at metamorphosis and time to metamorphosis were determined. The experiment was terminated on August 2 (ex- perimental day 49), when most individuals that survived the study had reached metamorphosis (91 Ϯ 2% standard error).
Statistical analyses
For both gray treefrogs and overwintered green frogs, we analyzed survival to metamorphosis and total survival (metamorphs ϩ tadpoles remaining at the end of the experiment) with an analysis of variance (ANOVA) after angularly transforming the data. Mass at metamorphosis and time to metamorphosis (the metamorphic response) were analyzed with a multivariate analysis of covariance using survival as a covariate after log-transforming mass and time. After angularly transforming proportion of tadpoles active, we analyzed the data for treatment effects with a repeated measure ANOVA with (for gray treefrogs) and without (for green frogs [because survival did not differ throughout the experiment] and gray treefrogs) survival as a covariate. The use of survival as a covariate assumes that survival differences among treatments were consistent throughout the experiment, but this might not have been true for gray treefrogs; therefore, we analyzed the activity data for treefrogs with and without survival covariate. Periphyton abundance was log transformed, zooplankton abundance was rank transformed (because data were qualitative), and phycocyanin abundance was log transformed; each response variable was separately analyzed with a repeated measure ANOVA because multiple measurements were taken over time from the same pond. Pond pH, dissolved oxygen, and temperature were analyzed with a repeated measure ANOVA.
RESULTS

Gray treefrogs
Gray treefrog survival to metamorphosis significantly increased by 51% with exposure to malathion (F ϭ 34. The metamorphic response (time to and mass at metamorphosis) was also significantly affected by the presence of malathion (Wilks' lambda ϭ 0.5734, F ϭ 10.79; df 2, 29; p ϭ 0.0003; Fig. 3 ), which was attributed to less time to metamorphosis (F ϭ 18.49; df 1, 30; p ϭ 0.0002) as well as a significant increase in mass at metamorphosis (F ϭ 7.73; df 1, 30; p ϭ 0.0093). The metamorphic response was also significantly affected by the survival covariate (Wilks' lambda ϭ 0.7546, F ϭ 4.72; df 2, 29; p ϭ 0.0168), indicating that survival influenced mass at and time to metamorphosis; therefore, use of the survival covariate removed differences associated with size so that treatment effects alone could be determined. The metamorphic response was not significantly affected by other treatments or interactions.
We also examined swimming activity of tadpoles at three times during development, using final survival as a covariate because it could potentially explain differences in activity depending on when mortality occurred (see above and Fig. 1 ). Gray treefrog activity was not significantly different over time among treatments with survival as a covariate. However, at days 14 and 21, there was significantly more treefrog activity in the presence of overwintered green frogs than in the absence of green frogs (time ϫ green frog interaction; Wilks' lambda ϭ 0.9629, F ϭ 0.56; df 2, 29; p ϭ 0.5780; univariate effect of green frog treatment at day 7: F ϭ 1.14; df 2, 30; p ϭ 0.2943; day 14: F ϭ 6.74; df 2, 30; p ϭ 0.0145; and day 21: F ϭ 5.99; df 2, 30; p ϭ 0.0205; Fig. 4) . Additionally, when we analyzed the treefrog activity data without the survival covariate, we found green frog treatments had a similar effect on gray treefrog activity and that malathion treatment significantly affected behavior over time (Wilks' lambda ϭ 0.6559, F ϭ 7.87; df 2, 30; p ϭ 0.0018; univariate effect of malathion treatment at day 7: F ϭ 8. . Although mortality differences might explain differences at days 14 or 21, mortality effects directly after exposure were unlikely, which would suggest that malathion had a short-term reduction on activity.
Overwintered green frogs
Overwintered green frog survival was 100% in this study and did not differ among treatments. The metamorphic response of mass at and time to metamorphosis was significantly affected by the presence of cyanobacteria (Wilks' lambda ϭ 0.5356, F ϭ 6.07; df 2, 14; p ϭ 0.0126; Fig. 5A ), which was mainly attributable to significant decreases in mass at metamorphosis (F ϭ 12.88; df 1, 15; p ϭ 0.0027) without a significant difference in time to metamorphosis (F ϭ 1.47; df 1, 15; p ϭ 0.2435). Although not significant, malathion also had a moderate effect on the metamorphic response (time to and mass at metamorphosis) of overwintered green frogs (Wilks' lambda ϭ 0.6952, F ϭ 3.07; df 2, 14; p ϭ 0.0785; Fig. 5B ), which was attributed to a significant increase in mass at metamorphosis (F ϭ 5.60; df 1, 15; p ϭ 0.0319) without a difference in time to metamorphosis (F ϭ 0.15; df 1, 15; p ϭ 0.7016). Green frog activity was not affected by treatments or their interactions.
Periphyton and zooplankton abundance
The abundance of food resources for anurans was estimated by measuring chlorophyll a in periphyton. Although periphyton changed over time (Wilks' lambda ϭ 0.1675, F ϭ 26.83; df 5, 27; p Ͻ 0.0001), it was not significantly affected by treatments or their interactions. However, malathion addition was associated on average with a short-term, nonsignificant increase in periphyton compared with chemical controls (Wilks' lambda ϭ 0.7225, F ϭ 2.07; df 5, 27; p ϭ 0.0999; Fig. 6A) .
We estimated the abundance of zooplankton (low, medium, or high) in each pond and found malathion exposure reduced zooplankton abundance over time (Wilks' lambda ϭ 0.3270, F ϭ 8.92; df 6, 26; p Ͻ 0.0001; Fig. 6B ). The interaction of malathion and cyanobacteria also was significant over time (Wilks' lambda ϭ 0.5850, F ϭ 3.07; df 6, 26; p ϭ 0.0207), which followed a similar pattern to Figure 6B , with presence of cyanobacteria leading to lower relative abundance of zooplankton.
Water measurements
We measured the relative amount of phycocyanin in pond water to determine whether the addition of cyanobacteria inoculations increased the relative amount of cyanobacteria present. We found that phycocyanin abundance changed over time (Wilks' lambda ϭ 0.2536, F ϭ 20.61; df 4, 28; p Ͻ 0.0001) and differed with malathion exposure (Wilks' lambda ϭ 0.6118, F ϭ 4.44; df 4, 28; p ϭ 0.0066) and addition of cyanobacteria (Wilks' lambda ϭ 0.7307, F ϭ 2.58; df 4, 28; p ϭ 0.0590), but differences were generally small (Table 1) .
Malathion treatment was associated with small increases in water pH (Wilks' lambda ϭ 0.4440, F ϭ 6.51; df 5, 26; p ϭ 0.0005; Table 1 ). Dissolved oxygen significantly changed over time with malathion exposure (Wilks' lambda ϭ 0.3679, F ϭ 8.93; df 5, 26; p Ͻ 0.0001), cyanobacteria addition (Wilks' lambda ϭ 0.3900, F ϭ 8.15; df 5, 26; p Ͻ 0.0001), and presence of green frogs (Wilks' lambda ϭ 0.6525, F ϭ 2.77; df 5, 26; p ϭ 0.0391). Generally, dissolved oxygen levels increased with malathion exposure and cyanobacteria addition (which could result from increases in algae) and decreased with presence of green frogs (which could result from decreases in algae; Table 1 ). Pond temperature was significantly greater at some times with addition of cyanobacteria (Wilks' lambda ϭ 0.6033, F ϭ 3.55; df 5, 27; p ϭ 0.0135), although differences were small (Table 1) .
DISCUSSION
This study demonstrates the importance of realistic testing conditions and the potential for combinations of factors to affect amphibian populations in ways not predicted by single factors alone. It is crucial to recognize that natural communities experience natural stressors and that contamination from humans is an additional stress that has the potential to disrupt the food web and alter the fate of the community.
In this study, sublethal exposure to malathion positively affected the survival to metamorphosis of gray treefrogs and resulted in shorter larval period and larger mass at metamorphosis, which could be explained by a trophic cascade with malathion exposure [4, 37] similar to other studies [14, 15, 25] . After addition of malathion, zooplankton that graze on algal food resources were visibly reduced; this decrease in zooplankton could result in the observed increase in periphyton levels after the addition of malathion. Increased food source might have allowed for gray treefrogs to reach their optimal size for metamorphosis at an earlier time than in the absence of malathion. Similarly, this could explain the significant increase in mass at metamorphosis of the overwintered green frogs exposed to malathion.
The balance between direct and indirect pathways is a phenomenon also documented in work with carbaryl and other insecticides [14] , including malathion [24, 25] , which suggests this could be a common and predictable response. However, these seemingly positive effects of contaminant exposure for some anuran species can have drastically different effects on other amphibians, especially salamanders [6, 17] . Studies have shown insecticide exposure to be negative for many salamanders because the diet of larval salamanders consists predominantly of zooplankton.
We anticipated that the presence of multiple factors would have greater than expected negative effects on amphibians. One of the significant combinations was exposure to malathion and overwintered green frog tadpoles. The positive effect of malathion alone was reduced by the presence of overwintered green frogs, suggesting that other factors present in the environment might make amphibians more vulnerable to contamination. Alternatively, this effect could have resulted from opposing effects on algae with malathion increasing and overwintered green frogs reducing algae present [4] . The single factor alone could not predict this outcome, despite a high likelihood of such factors coming together in nature. This observed outcome is important because the combination of these two stressors in natural environments is realistic.
An extremely critical aspect of habitat for anurans is the available algal food resources. This study showed that overwintered green frogs exposed to cyanobacteria experienced a significant decrease in mass at metamorphosis, whereas gray treefrogs were seemingly unaffected. The quality of food in a larval anuran's diet has significant effects on the growth and timing of metamorphosis [38] . When cyanobacteria is present in an ecosystem, it could be a favored food source for certain tadpoles. If green frogs begin to utilize this abundant but lowquality food, it could result in smaller mass and more time needed to reach metamorphosis, as we found (Fig 5A) . Pryor [27] found that of four different types of anuran food resouces, Anabaena was the only one that promoted growth of bullfrogs and seemed to digest thoroughly. Further studies should examine the comparative ability of anuran larvae to utilize algae as a food source to provide a clearer understanding of how composition of algal communities can affect amphibian metamorphosis. Anabaena in this study did not appear to dramatically change with differences in competitive or chemical environment, and it did not affect gray treefrog metamorphosis as anticipated.
We predicted that increasing the number of factors would have a negative effect on the metamorphosis of gray treefrogs on the basis of observations from previous studies [4, 6, 14, 39] . Surprisingly, significant interactions were fewer than expected. Amphibians might be able to cope with multiple simultaneous factors because they have evolved in high-stress environments where they dealt with such things as intense competition and predation pressures and drying environments [3, 40] . However, examining how the environmental context influences the effects of sublethal pesticides remains a critical question in ecotoxicological research.
